ABSTRACT This paper gives the kinematic description and mathematical dynamic model of a three-degreesof-freedom manipulator, including hydraulic actuator dynamics, and then proposes a disturbance observerbased robust control scheme for the position and torque tracking control subjected to the external disturbances and parameter uncertainties. First of all, the kinematic of the manipulator system is built according to the Denavit-Hartenberg notation. The joint space, actuator space, and the mathematical model of the manipulator, including hydraulic actuator dynamics, are then presented. Next, a robust control technique is designed for the fast and finite-time tracking capability of the torque signals along the desired torque commands, and a fast nonsingular terminal sliding mode control algorithm is developed to guarantee the fast convergence of the joint positions to their desired values. Moreover, two disturbance observer schemes are proposed to estimate and compensate the external disturbances and modeling errors in the manipulator system and hydraulic actuator system. Stability analysis of the cascade hydraulic manipulator system is analyzed and proved using the backstepping technique and Lyapunov theory. Finally, numerical simulations are obtained to validate the effectiveness of the designed control algorithm.
I. INTRODUCTION
Due to the advantages of high load efficiency, small size-topower ratio, and fast response, hydraulic actuator systems have been widely used in control engineering and provide a good solution for robotic manipulator systems in heavyduty operations [1] . Boston Dynamics' hydraulic robot systems such as BigDog [2] , Atlas [3] , and SARCOS' robot exoskeletons [4] are some examples of advanced hydraulic robotic system. One of crucial challenges in control and operation of hydraulic manipulators is undesired behavior of the designed control algorithm due to nonlinear behaviors of the system dynamics, modeling uncertainties, and external disturbances. To meet the requirements in terms of tracking performance for nonlinear and uncertain manipulator systems, various advanced control methods have been developed, including acceleration feedback control [5] , adaptive robust control [6] - [9] , H ∞ control [10] , cerebellar model articulation controller [11] , backstepping control [12] , [13] , sliding mode control [14] , [15] . However, most of abovementioned techniques cannot guarantee the finite time convergence of the error dynamics.
Most of previous works exclude actuator dynamics from the robot manipulator dynamic behavior to simplify the control design. However, actuator dynamics affects the dynamic characteristic of the robot manipulator system as well as the stability of the whole system. Therefore, the dynamics of the hydraulic actuator as well as the inner loop torque control of electrohydraulic servo system (EHSS) are considered in this work. Several advanced approaches have been introduced to cope with uncertainties in the EHSS such as adaptive robust control [16] , model predictive control [17] , [18] , backstepping control [1] , [19] , sliding mode control [20] . However, the external disturbances were not well handled in these studies.
It is widely known that the finite time stability may increase the high steady-state tracking accuracy of the controlled systems [21] - [23] . Hence, a finite time mechanism called terminal sliding mode control (TSMC) was proposed and employed in various control problems [24] - [31] . Subsequently, improved versions of TSMC, such as nonsingular TSMC (NTSMC) [32] , fast TSMC [33] , had been introduced and investigated. Similar to conventional sliding mode algorithm, if the switching gains of TSMC are selected to be greater than the upper bound on the uncertainties or disturbances, strong robustness with respect to uncertain dynamics and disturbances can be achieved. However, in practice, the upper bound is unknown, so the switching gains should be selected to be large enough to cover a large range of uncertainties and disturbances. Such large switching gains may cause the chattering phenomenon, which can result in high frequency oscillations in the system states. A number of strategies for reducing the chattering phenomenon have been introduced, such as fuzzy TSMC [34] , neural network based TSMC [35] , radial basis function neural network based TSMC [29] , disturbance observer [36] , [37] . Some recent studies [38] - [40] combined the finite-time sliding mode control algorithm and disturbance observer to achieve finite time convergence and reduce chattering phenomenon. However, these above methods still have the drawback that they require information about the upper bound on the uncertainties and disturbances.
Motivate from the work [41] , we proposed a modified disturbance observer based FNTSMC to handle the parameter uncertainties, modeling errors, and disturbances in the manipulator system including hydraulic actuator dynamics, which can provide finite time convergence of state variable, chattering elimination, and simple structure for implementation without using the information of the upper bounds on uncertainties, disturbances. The main contributions of this paper include: 1) Kinematics and dynamics of a three degrees of freedom hydraulic robot manipulator including actuator dynamics are developed. The joint spaces and actuator spaces of the manipulator system are investigated and analyzed.
2) A new disturbance observer based finite time control algorithm is designed without using knowledge of the upper bounds on uncertainties, disturbances, and their approximation errors.
3) The proposed algorithm achieves robustness against uncertainties, disturbances, and provide finite time convergence of the state variables. Stability analysis of the cascade hydraulic manipulator system is analyzed using backstepping technique and Lyapunov theory.
This paper is organized as follows. Section II formulates the problem and give notations. Section III presents the proposed disturbance observer based backstepping FNTSMC and stability analysis of the entire system. The simulation results for the three DOF manipulator system are given in Section IV so as to validate the effectiveness of the proposed control algorithm. Finally, the conclusions and future works are discussed in Section V.
II. PROBLEM FORMULATION AND NOTATIONS
The structure of the three DOF hydraulic manipulator and the link-frame assignments are shown in Figs. 1 and 2 , respectively. The mathematical description of the kinematic chain of the 3 DOF hydraulic manipulator has been obtained based on the Denavit -Hartenberg (DH) parameter notation, which identifies the degree of freedoms and number the link starting from the basement. As depicted in the Fig. 2(a) , the manipulator system has three joints with three links. The frame {i} is attached rigidly to the link i, the basement is coincident with the link 0, and the frame {E} is referred to the endeffector frame. The axis Z i of frame {i} is coincident with the FIGURE 1. Architecture of electro-hydraulic servo control mechanism for 3 DOF manipulator. joint axis i. Two first links are driven by two hydraulic rotary actuators. The third link is driven by a hydraulic cylinder. The force produced by the cylinder is converted to the torque at the third link through the mechanical structure shown in Fig. 1(b) . The link parameters of DH conversion for the studied 3 DOF manipulator are shown in Table 1 , where α i−1 denotes the link twist, a i−1 the link length, d i is the link offset, q i the angle of i th joint (i = 1, 2, 3). The transformation matrix from the base frame to the end-effector frame {E} is given as the following. 
And from (3), the joint velocities are given as follows.
T , wherē
The dynamics of a 3 DOF manipulator can be written in the following Lagrange form.
where τ ∈ 3×1 is the applied torque input vector, M (q) ∈ 3×3 is the symmetric positive definite manipulator inertia matrix, C(q,q)q ∈ 3×1 is the vector of centrifugal and Coriolis torques, and G(q) ∈ 3×1 is the vector of gravity, and τ ex ∈ 3×1 is a vector of bounded external disturbances. The inertia matrix, vector of centripetal and Coriolis torques, and the vector of gravitational torques are calculated as follows (7), as shown at the top of the next page
where
, and
where m i (i = 1, 2, 3) is the load mass of the i th actuator, g is the gravitational acceleration. In the real system, the values of these parameters cannot be measured exactly. Let us define the nominal values of M (q), C(q,q), and G(q) areM (q),C(q,q), andḠ(q), respectively, which can be described as the following equations.
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where M (q) , C q,q , and G (q) are parameter uncertainties. Thus, the dynamic equation (6) can be rewritten as follows.M (q)q +C q,+Ḡ (q) = τ + d q (12) where
denotes total parameter uncertainties, disturbances, and modeling errors in the manipulator system.
In general, the manipulator dynamics has the following properties [35] Property 1: The inertia matrixM (q) is a symmetric and positive definite matrix and is bounded as the following.
∀x,q ∈ 3×1 (13) wherem 1 andm 2 are positive constants.
Property 2:
The time derivative of the inertia matrixM (q) and the matrixC q,q satisfy
is a state variable represented in actuator space, where d 3 is the displacement of the cylinder. The relationship between actuator space x and the joint space q can be described by the following equation [7] .
where h (q) ∈ 3×1 and J aj (q) = ∂h ∂q ∈ 3×3 are the relation functions between the displacements and velocities in the actuator space and the joint space, respectively. From the Fig. 1(b) , the relationship between the joint angleq 3 and the displacement d 3 of the cylinder can be calculated as follows.
Hence, the relation functions between the actuator space and the joint space can be computed as the following.
Remark 1: Since the joint angleq 3 ∈ [+83 • , +180 • ], the matrix J aj (q) is a diagonal positive definite matrix.
4) DYNAMICS OF MANIPULATOR SYSTEM INCLUDING HYDRAULIC ACTUATOR DYNAMICS
To implement proper control algorithms, the dynamic model of the manipulator system should be included with the dynamics of the hydraulic actuators, which are two rotary hydraulic actuators and one linear hydraulic actuator as shown in Fig. 1 .
The three hydraulic actuators of the 3DOF manipulator are controlled by three servo valves, a fixed displacement pump, and a relief valve. The pump output a supplied pressure denoted as p s , and the pressure threshold for the relief valve is set as p s . The hydraulic oil passes the servo valve and go into the chamber 1 of the cylinder or rotary actuator when the spool valve displacement y v greater than zero. In contrast, as the spool valve displacement greater than zero, the oil will enter the chamber 2 of the cylinder and rotary actuator. The oil return to the tank with the return pressure denoted as p t .
The flowrate through the i th servo valve (i=1,2,3) can be described as the following [42] 
where C d denotes the discharge coefficient, ρ is the density of the hydraulic oil; A si and y vi are the area gradient and the spool position of the i th servo valve; Q i1 , Q i2 denote the flowrates enter chamber 1 and chamber 2 of the i th hydraulic actuator, respectively; P i1 , P i2 denote the pressure at chamber 1 and chamber 2 of the i th hydraulic actuator, respectively. Since the dynamics of the servo valve is much faster than that of whole system, the spool dynamics can be ignored. The relationship of the spool position y vi of the i th servo valve and the input voltage signal u i to the i th servo valve can be expressed as follows [42] y vi = K vi u i (22) where K vi is the gain of the control voltage u i . Assume there is no external leakage, the pressure dynamics inside the chambers of the rotary actuators of the first link and the second link, and the cylinder of the third link can be written as follows.
where β e is the effective bulk modulus of the hydraulic oil,
where V 10j , V 20j , V 30j are the original total control volumes of chamber j th (j=1,2) of three hydraulic actuator, respectively (including the volume of initial actuator chambers and the volume of pipelines), Q j (q)=diag{Q 1j , Q 2j , Q 3j }∈ 3×3 , A j =diag{A 1j , A 2j , A 3j }∈ 3×3 (j=1,2), where A 1j , A 2j , A 3j denote the radian displacement of the j th chamber of three hydraulic actuators, respectively, and q L = [q L1 , q L2 , q L3 ] T denotes the total internal leakage in the three actuators.
The torque vector applied to the hydraulic actuator system is calculated as follows [8] :
Let us define the state variable vector of the manipulator system including actuator dynamics as
From (12), (23), (24) the dynamics of the manipulator-actuator model can be written as third order state-space model as follows.
T denotes total disturbances uncertainties, and modeling errors in the three hydraulic actuators,
, where ϑ 1i (P i1 , u i ) and ϑ 2i (P i2 , u i ) (i=1,2,3) are defined as the following [43] 
B. NOTATIONS
Let us define the power of a scalar as follows:
The power of a vector is defined as:
III. DISTURBANCE OBSERVER BASED BACKSTEPPING FNTSMC DESIGN
The control architecture for the 3 DOF manipulator system including actuator dynamics is shown in Fig. 3 . The cascade control architecture consists of outer-loop position tracking control and inner-loop torque tracking control designs. To achieve a high trajectory tracking performance, a FNTSMC scheme is designed for the position tracking control loop. A robust control scheme is proposed to ensure the tracking capability of the actual torque signals along the desired virtual torque signals, which are output of the position tracking control loop. Two control schemes of inner loop and outer loop are connected using backstepping technique. Two disturbance observer DO1 and DO2 are designed to estimate and compensate the disturbances in the manipulator system and hydraulic actuator system, respectively. The stability of the whole manipulator system including hydraulic actuator dynamics is analyzed using backstepping technique and Lyapunov theory.
A. CONTROL DESIGN FOR MANIPULATOR SYSTEM
The dynamic equation of the manipulator system can be expressed as follows
The terminal sliding mode surface for the manipulator system can be expressed as follows: (31) where e q = e q1 , e q2 , e q3 T = x 1 − x 1d is the vector of position tracking error, x 1d is the desired position vector, and
, where α = α 1 /α 2 , α 1 and α 2 are positive odd integers satisfying α 1 < α 2 , and is a positive definite and diagonal parameter matrix.
Taking the derivative of s q in (14), we obtain:
As can be seen in (32),ṡ q contains a negative fraction power α − 1, which cause a singular problem ifė q = 0 and e q = 0.
Moreover, the i th element of s q in (32) can be given as follows:
The time derivative of (33) on the terminal sliding mode (s qi =0) is obtained as follows:
As can be seen in (34) , if α > 1/2, then the nonsingular problem on the terminal sliding mode does not occur. The objective of the design controller is to deal with the nonsingular problem in the case that s qi = 0 and e qi = 0. Then, a modified terminal sliding surface is introduced as the following [35] :
ii e α qi , ifs qi = 0 ors qi = 0 and e qi > σ si κ 1i e qi + κ 2i e 2 qi sign e qi ifs qi = 0 and e qi ≤ σ si (36) where
si , σ si is a positive constant, ands qi =ė qi + ii e α qi . Remark 2: The parameters κ 1i , κ 2i (i=1,2,3) are chosen to make the function β i e qi and its time derivative continuous.
From (30) and (32), we obtain:
whereẋ r = s q − x 2 = x 2d + e α q , x 2d is desired velocity vector. To achieve fast finite-time convergence property, the reaching phase is chosen as follows:
where λ q1 and λ q1 are positive and diagonal matrices, 0 < ν < 1. If the disturbance d q is known, then the desired torque for the mechanical subsystem is designed as the following:
However, if both parameter and structure of the disturbance d q is unknown, then the commanded torque given in (39) cannot be implemented. Therefore, we utilized a disturbance observer to estimate and compensate the disturbance d q as the following.
T the estimation value of the external disturbance d q ,Z q the internal states of the nonlinear disturbance observer for position subsystem,
, and g 2q ∈ 6×3 are defined as follows:
The vectorp q ∈ 3×1 is chosen as follows:
where λ 1q , λ 2q , and λ 3q are positive constants. Thus, the disturbance observer gainl q ∈ 3×6 is calculated as
Remark 3: Let us define:
It is noted that q is a positive definite matrix for all positive values of λ 1q , λ 2q , and λ 3q .
Assumption 1: The external disturbance d q (t) and its derivative are bounded, d q (t) varies slowly relative to the observer dynamics, that meansḋ q (t) 0.
Since the disturbance d q (t) can be estimated by the nonlinear disturbance observer, then the following actual control law is proposed:
q + σ q s q / s q (45) where σ q is a positive constant. Let the torque error is defined as the following.
Consider a Lyapunov candidate function:
whered q = d q −d q , taking the derivative of (47), we obtain:
It is obvious that if the error e 3 is close to zero, then the tracking error s q will reach to zero. Therefore, the objective of next step is to control the error e 3 as small as possible.
B. CONTROL DESIGN FOR HYDRAULIC ACTUATOR SYSTEM
The dynamic equation of the hydraulic actuator system can be described as the following.
The dynamic equation (49) can be rewritten as follows:
The derivative of the torque tracking error with respect to time given bẏ
To derive the control signal for the hydraulic actuator system, we proposed a disturbance observer to estimate and compensate the disturbance d a as the following.
where X a = x 3 denotes the state vector,
the estimation value of the external disturbance d a ,Z a the internal states of the nonlinear disturbance observer for the hydraulic actuator system. The vectorp a ∈ 3×1 is chosen as follows:
where λ 1a , λ 2a , and λ 3a are positive constants. Thus, the disturbance observer gainl a ∈ 3×3 is calculated as
Assumption 2: The external disturbance d a (t) and its derivative are bounded, and d a (t) varies slowly relative to the observer dynamics, that meansḋ a (t) 0.
The control signal for the system (35) can be selected as the following.
To analyze the stability of the closed loop system, we consider the following Lyapunov function candidate:
whered a = d a −d a , taking the derivative of (29), we have:
According to the finite time stability from [44] and [45] , the results (58) means that the terminal sliding mode s q and the tracking error e 3 converge to zeros in a finite time. According to results from [25] and [35] , the tracking error e q and its derivativeė q converge to zero in a finite time.
Remark 4: The parameter defines the tracking bandwidth of the sliding mode function and the decay rate of tracking errors on the sliding surface [46] , [47] . A larger value of results in larger bandwidth, faster response speed and higher tracking accuracy. However, the measurement noises and time delay dominate the maximum applicable [46] .
Remark 5: The range of the parameter α is defined as 1/2 < α <1 to avoid singular problem. The parameter v is used to achieve the fast finite time convergence of state variables and attenuate the chattering phenomenon occurring in the conventional nonsingular terminal sliding mode.
The range of the parameter v is set as 0 < v < 1. A larger v results in less chattering phenomenon, but at the cost of weaker robustness against uncertainties and disturbances.
Remark 6: The values of λ q1 , λ q2 , λ e1 , λ e2 , σ q , σ 3 are always positive. Larger values of these parameters lead to faster convergence of the Lyapunov function to zero, but at the cost of more measurement noises added to the control signals.
Remark 7: Larger values of the parameters λ 1q , λ 2q , λ 3q , λ 1a , λ 2a , λ 3a leads to faster convergence of estimation errors for the disturbance observers, but at the cost of magnifying the impact of measurement noise.
Remark 8: In order to implement the control signals designed in (45) and (56), the position, velocity, and acceleration of the joint angles, and the derivative of pressure must be measured by appropriate sensors. However, in the real system, it is assumed that only the position and pressure information are available. Therefore, a state estimator to approximate the velocity and acceleration of the joint angle and the derivative of pressure are necessary for practical implementation of the control design. A second order differentiator (SOD) [48] , [49] is employed in this work, which is defined as the following form.
where µ is the input position measurement, λ 1 , λ 2 , and α 1 are designed positive parameters. By choosing the suitable values of λ 1 , λ 2 , and α 1 , the estimation values of the first derivative signal z 1 and the second derivative signal z 2 can reach the real values in finite time [48] - [50] with small estimation errors. Remark 9: It is noted that the SOD can achieve finite time convergence of the estimation errors no matter what the controller input. Therefore, the proposed control scheme and the state observer can be designed separately. Thus, the proposed control signals can be implemented with the full state available.
IV. SIMULATION RESULTS
In this section, numerical simulations are given to verify the effectiveness of the proposed control method. The simulations are performed on MATLAB/Simulink platform by using Runge-Kutta solver with a fixed step size T s = 10 −4 s as shown in Fig. 4 . The parameters of the three DOF manipulator are listed in Table 2 .
The 
In order to validate the disturbance rejection capability of the proposed method, the simulation tests are performed with a set of sinusoidal wave disturbance given as the following.
To evaluate the effectiveness of the disturbance observer based backstepping FNTSMC (DFNTSMC), performances of the PID controller, linear sliding mode control (SMC), fast terminal sliding mode control, and disturbance observer based SMC are carried out as comparison. In this work, the PID control-based scheme for the whole system consists of an inner loop PI control scheme to control the torque vectors in the hydraulic actuator system and an outer loop PD control scheme to guarantee the state variables track their designed trajectories. The PD and PI control scheme can be written as x 3d = K qP e q + K qDėq and u = K aP e 3 + K aI e 3 dt. The two PID controllers are designed for the cascaded manipulator system as the following steps [51] . Firstly, the inner loop PI controller has to be designed to drive the actual torques follows their set points as fast as possible with little overshoots and oscillations. The parameters for the inner loop PI control scheme are optimized as K aP = diag [8, 8, 10] , and K aI = diag [50, 50, 80 ] using trial and error method. After choosing the suitable values of the inner loop PI control scheme, the outer loop PD control parameters are tuned to drive the state variables of the outer loop control scheme converge to their desired trajectories. After carefully tuning, VOLUME 6, 2018 the parameters for the outer loop PD control scheme are optimized as K qP = diag [40, 40, 50] and K qD = diag [5, 5, 8] .
Following the Remarks 4-7, after carefully tuning, the FNTSMC parameters for the manipulator system are designed as =diag [4, 4, 6] [20, 20, 20] , λ q1 = diag [10, 10, 10] , σ q =diag [20, 20, 20] . The parameters of the control scheme for the hydraulic system are chosen as λ e1 =diag[500,500,800], λ e2 =diag [20, 20, 20] , σ e =diag [30, 30, 30] . The linear SMC scheme is realized by setting α=1, and removing the fast terminal reaching surface. The parameters for the disturbance observers are chosen as λ 1q = 2, λ 2q = 2, λ 3q = 2, λ 1a = 10, λ 2a = 10, and λ 3a = 15. In the proposed approach, the robust gain of the control signals can be reduced due to the approximation capacity of the disturbance observer, which can be selected as σ q =diag[0.1,0.1,0.1], and σ e =diag [0.05, 0.05, 0.05].
Figs. 5-7 shows the position tracking performance, tracking errors, and zoom-in tracking performances of the comparative algorithms, respectively. As can be seen in Fig. 6 , the PID controller gave the worst tracking performance due to its lack of robustness against uncertainties and disturbances. Meanwhile, with the robust control designs, the SMC and FNTSMC improved the control performances with much smaller tracking errors. The steady state errors of the SMC are mostly limited in an acceptable range of ±3 degree while those of FNTSMC are within ±2 degree. By employing the disturbance observer scheme, the DSMC and proposed DFNTSMC algorithm provided better performances than the corresponding control algorithms without disturbance observer, with superior robustness and higher tracking accuracies. The tracking error of the DSMC and the DFNSMC are mostly within ±1 degree and ±0.3 degree, respectively. In addition, the transient behaviors had distinct differences. As shown in Fig. 7 , the FNTSMC and proposed DFNTSMC exhibit faster responses and faster convergence than those of DSMC, SMC and PID. This comes as no surprise due to the advanced design of FNTSMC schemes in which the control signals are enhanced by the fast finite-time convergence term (39) .
The desired torque signals and torque tracking errors of the FNTSMC algorithm and the proposed DFNTSMC are shown in Fig. 8 while the control signals of these control schemes are depicted in Fig. 9 . It can be seen in these figures, the proposed DFNTSMC can effectively reduce the chattering phenomenon compared to the FNTSMC scheme. It is worth to say, the proposed DFNTSMC can be more feasible in real application.
The performances of two disturbance observer schemes for the manipulator system and the hydraulic actuator system are shown in Figs. 10 and 11, respectively. As can be seen, these DO schemes can estimate and compensate the disturbances and uncertainties in the system actively and effectively. That is to say, the implement of DO schemes reduces the requirement of the model accuracy while preserving a high tracking performance and less control chatters. Table 3 . As seen from the table, the PID gave the worst performances with largest tracking errors and control inputs. The SMC and FNTSMC improve the tracking errors but at the cost of large control efforts. The DSMC reduce the control efforts due to the disturbance observer while the DFNTSMC performs best. VOLUME 6, 2018 Finally, the velocity estimation performance using SOD algorithm is shown in Fig. 12 . From this figure, it can be seen that the SOD algorithm can guarantee the estimation errors fast convergence to zeros in a finite time. Hence, the designed control algorithm can achieve full state control in a finite time.
V. CONCLUSION
This paper presents a disturbance observer based backstepping FNTSMC algorithm for position tracking performance of a three DOF manipulator system including hydraulic actuator dynamics in the presence of parameter uncertainties and external disturbances. The designed control algorithm combines the robustness and finite time convergence properties of the FNTSMC and approximation capability of the disturbance observer. The stability of the entire system is analyzed and proved using backstepping technique and Lyapunov theory. Moreover, satisfactory performance including fast and finite time convergence, strong robustness again uncertainties and external disturbances, and high tracking accuracies was achieved. Future work includes real time experiment validation on the real three DOF hydraulic manipulator system.
